Procedures). The mbk-2 locus encodes multiple mRNAs, Joost, 1999). There are two DYRK family members in C. elegans, mbk-1 and mbk-2 (minibrain-kinases; Raich et including "long" and "short" transcripts initiated from alternative 5Ј exons ( Figure 1A ). RNAi targeting of the al., 2003). Clustal W analysis of the kinase domains indicate that MBK-2 is most related to human DYRK2 and long transcripts resulted in ‫%51ف‬ embryonic lethality but did not disrupt PIE-1 localization (data not shown). In DYRK3, Drosophila DYRK2 (Becker and Joost, 1999), and S. pombe Pom1p (Bahler and Pringle, 1998; Figure contrast, RNAi against a region present in all transcripts resulted in 100% embryonic lethality and PIE-1 mislocal-1B; see Discussion). ization. Identical embryonic phenotypes were seen in the progeny of hermaphrodites homozygous for pk1427, mbk-2 Zygotes Exhibit Defects a deletion that removes most of the region included in in Microtubule-Dependent Processes the short transcripts (Raich et al., 2003) . A transgene Embryos derived from mbk-2(pk1427) hermaphrodites corresponding to one of the shorter transcripts (mbkor hermaphrodites fed bacteria expressing mbk-2 2c; Figure 1A ) was able to rescue the embryonic lethality dsRNA (hereafter referred to as mbk-2(pk1427) embryos of pk1427 (Experimental Procedures), indicating that and mbk-2(RNAi) embryos, respectively) arrest developmbk-2c is sufficient for the embryonic functions of ment at the one-cell stage with multiple nuclei (Figure mbk-2. 2L). mbk-2 embryos complete the meiotic divisions normbk-2c encodes a predicted 502 amino acid protein, mally (Experimental Procedures), but begin to deviate MBK-2, which belongs to the emerging family of dualfrom wild-type after formation of the pronuclei. Examinaspecificity Yak1-related kinases (DYRKs). These kinases tion of live mbk-2(pk1427) and mbk-2(RNAi) zygotes by share sequence homology primarily in their kinase dotime-lapse microscopy revealed defects in microtubulemain and in a 10-50 amino acid region immediately dependent processes. After meiosis, the maternal proupstream of the catalytic domain (Becker and Joost, nucleus migrates toward the paternal pronucleus and 1999). Several members of this protein family have been associated centrosomes at the posterior end of the zyshown to phosphorylate both serine/threonine and tyrogote ( 2C) , so that the first mitotic migration occurred normally in two embryos (e.g., Supplemental Movie 5), was delayed in five embryos (e.g., Supplemental Movie 6), and failed entirely in two embryos (e.g., Supplemental Movie 2; Figures 2G-2I). Similarly, the spindle aligned properly along the A-P axis in two embryos (e.g., Supplemental Movie 5), aligned initially but then became misaligned in two embryos (e.g., Supplemental Movie 3), and remained transverse to the A-P axis in five embryos (e.g., Supplemental Movie 6; Figure 2J ). Cleavage furrows were formed in all mbk-2(pk1427) and mbk-2(RNAi) embryos examined (n ϭ 19; Figure  2K ), but in most cases retracted before completing cytokinesis (e.g., Supplemental Movie 4). Ectopic furrows were also observed in embryos with misaligned mitotic spindles (17/17; Figure 2K, Figure S1 ). Microtubule density at the midzone appeared higher in mbk- The phenotypes of rfl-1 mutants can be suppressed by depleting MEI-1 by RNAi (Kurz et al., 2002 ). We attempted similar experiments with mbk-2(pk1427) mutants. mbk-2(pk1427) embryos subjected to mei-1(RNAi) and/or mei-2(RNAi) had enlarged polar bodies and multiple maternal pronuclei, confirming that mei-1/mei-2(RNAi) was effective. These embryos, however, still failed to complete cytokinesis (n ϭ 30), and one mbk-2(pk1427); mei-1(RNAi)/mei-2(RNAi) embryo examined by timelapse microscopy still failed to orient its mitotic spindle (Supplemental Movie 11). We conclude that mbk-2 has other functions besides downregulation of MEI-1/2. Figure 4E ). In contrast, we found that OMA-1:GFP persisted through several rounds of mitosis in mbk-2(RNAi) embryos ( Figure 4F ). OMA-1:GFP levels eventually decreased, but with slower kinetics compared to wild-type. Failure to degrade OMA-1 was not due to a failure to complete cytokinesis, because OMA-1 degradation also failed in partially affected mbk-2(RNAi) embryos that complete several rounds of cytokinesis ( Figure 4F ; 29/31 multicellular embryos). We conclude that, in addition to MEI-1/2 degradation, mbk-2 is also required for timely turnover of OMA-1 during the first mitotic divisions.
We also examined the distribution of Cyclin B, a cell cycle regulator, which accumulates in maturing oocytes and is rapidly degraded after fertilization during the meiotic divisions (E. Kipreos, personal communication; Figure 4G ). We found that degradation of GFP:Cyclin B, although dependent on the proteasome ( Figure 4I ), was not dependent on mbk-2, even under the most stringent RNAi conditions ( Figure 4H ). This finding is consistent with the fact that mbk-2(pk1427) mutants proceed normally through the meiotic divisions and continue to cycle mitotically. We conclude that mbk-2 is not generally required for protein degradation, but is essential for the the CCCH finger protein MEX-5 localizes to the anterior We found that mbk-2 embryos failed to localize PIE-1 in a pattern reciprocal to that of PIE-1, POS-1, and P during pronuclear migration (Figures 5F and 5G ; Supplegranules (Schubert et al., 2000) . We found that establishmental Movies 13 and 14), and partially localized PIE-1 ment of anterior PAR-3 and MEX-5 domains and posteduring mitosis (compare Figure 5H with Figure 5D ). Imrior PAR-1 and PAR-2 domains occurred normally in munofluorescence analysis of endogenous PIE-1 in mbk-2(RNAi) embryos (Figure 6 ; Supplemental Movies fixed mbk-2(RNAi) embryos confirmed these results Figures 6E, 6H , and 6K, and data not shown). We also that these embryos do not localize PIE-1 before mitosis examined the distribution of two other germ plasm com-( Figures 6E, 6H, and 6K) . We conclude that mbk-2 is ponents that segregate with PIE-1: the CCCH finger not required for initial polarization of the zygote, but is protein POS-1 (Tabara et al., 1999; Figures 5I and 5J) , essential for the germ plasm to respond to PAR/MEX and ribonucleoprotein particles called P granules (Figpolarity cues. ures 5K-5N; Supplemental Movies 15 and 16). We found During mitosis, PAR and MEX distributions began to that POS-1 and P granules failed to segregate in deviate from wild-type in mbk-2 mutants (Supplemental mbk-2(RNAi) zygotes. In contrast to PIE-1, POS-1 and P Movies 19 and 21; 13/18 mbk-2(RNAi) embryos mislocalized GFP:PAR-2, and 3/3 mislocalized GFP:MEX-5). granules never showed any asymmetry in mbk-2(RNAi) These defects appeared linked to the erratic spindle movements that arise during this period. Consistent with this hypothesis, GFP:PAR-2 was similarly mislocalized during mitosis in 6/6 embryos treated with the microtubule-depolymerizing drug nocodazole (Supplemental Movie 22). Nocodazole treatment, however, is not sufficient to disrupt germ plasm asymmetry, which is established before mitosis (Strome and Wood, 1983; 7/7 nocodazole-treated embryos localized PIE-1:GFP as in wild-type). Similarly, mel-26 embryos, which like mbk-2 mutants fail to degrade MEI-1 and do not orient their spindle properly, still segregated PIE-1 and P granules as in wild-type (16/18 mel-26(RNAi) embryos localized PIE-1:GFP like wild-type and 4/4 localized GFP:PGL-1 like wild-type). These observations suggest that the microtubule defects observed in mbk-2 mutants, although sufficient to trigger the late PAR defects, are not sufficient to account for the lack of germ plasm asymmetry. To test this hypothesis further, we examined weakly affected mbk-2(RNAi) embryos, which orient their spindle, complete cytokinesis, and divide asymmetrically as in wild-type. These embryos still failed to localize PIE-1 and P granules ( Figure 5N ; Supplemental Movie 17; 16/ 16 asymmetric two-cell or four-cell mbk-2(RNAi) embryos had mislocalized PIE-1:GFP and 12/13 had mislocalized GFP:PGL-1). We conclude that the microtubule defects observed in mbk-2 mutants are neither necessary nor sufficient to account for the defects in germ plasm segregation, suggesting that mbk-2 regulates these two processes independently (see also Discussion). 6L). We found that this ubiquitous degradation is dependent on MBK-2: par-1(it51); mbk-2(RNAi) "double muof rescuing the embryonic lethality of mbk-2(pk1427) (Extants" maintain PIE-1 at high levels in all cells (Figure perimental Procedures). In oocytes and newly fertilized 6N). We conclude that mbk-2 is epistatic to par-1, and zygotes, GFP:MBK-2 was found predominantly at the is required for the ubiquitous degradation of PIE-1 that cell periphery (cortex) in a uniform pattern ( Figures 7A and  occurs in par-1 mutants. 
18-21). Double immunostaining experiments confirmed (

7B). In later zygotes, GFP:MBK-2 distribution changed abruptly from uniform to punctate, with GFP:MBK-2 apparently coalescing into many discrete cortical foci (Fig-MBK-2 Localization Is Dynamic
To characterize the distribution of MBK-2 in oocytes and ure 7C). By mitosis, GFP:MBK-2 was found predominantly on centrosomes and chromosomes ( Figure 7D ), embryos, we constructed a GFP:MBK-2 fusion capable in a pattern that persisted in all blastomeres up to at that activation of MBK-2 requires progression past meiosis I. least the eight-cell stage ( Figure 7E ). In the germline blastomeres P2, P3, and P4, GFP:MBK-2 also appeared Discussion to associate with P granules (Figure 7E, arrow) .
To determine when MBK-2 cortical foci appear after In this report, we describe the embryonic functions of fertilization, we used a GFP:Histone H2B fusion to prethe DYRK kinase MBK-2. MBK-2 is required for several cisely stage embryos expressing GFP:MBK-2 (Experipostfertilization events not previously suspected to be mental Procedures). We detected GFP:MBK-2 foci in under coordinate control. These include posterior en-0/9 embryos undergoing metaphase or anaphase of richment of the germ plasm in the zygote, degradation meiosis I, in 3/4 embryos in telophase of meiosis I or of MEI-1, MEI-2, and OMA-1 in zygotes, and degradation prophase of meiosis II, and in 18/18 embryos in metaof PIE-1 in anterior blastomeres. MBK-2 distribution phase or anaphase of meiosis II (Experimental Procechanges dramatically during the meiotic divisions, and dures). After pronuclear formation, the foci disappeared mutants that arrest prior to this relocalization do not quickly in a posterior-to-anterior wave. To determine activate mbk-2-dependent processes. We propose that whether formation of the MBK-2 foci was dependent on MBK-2 functions as a temporal regulator, which links progression through meiosis, we examined GFP:MBK-2 progression through the meiotic divisions to the activain mat-1(RNAi) embryos. mat-1 encodes CDC27, an tion of several processes necessary to transform a sym-APC subunit required for the metaphase-to-anaphase metric egg into a patterned embryo. transition (Golden et cells (Lin, 2003) ; these defects, however, are signifiAlthough arrested in meiosis I, mat-1 zygotes elabocantly weaker than the ones reported here for mbk-2 rate an A-P axis due to the lingering meiotic spindle, mutants, which completely block PIE-1 degradation in which mimics the polarizing function of the sperm asters somatic cells. . Like mbk-2 mutants, How then does MBK-2 participate in the activation of mat-1 zygotes localize the PAR proteins but do not localthese apparently independent degradation pathways? ize P granules . mbk-2 MBK-2 is not required for Cyclin B degradation or cell mutants localize PIE-1 during mitosis, but never localize cycle progression, and therefore is not a general activa-POS-1 (Figures 5H and 5J) . Similarly, mat-1 zygotes tor of protein degradation or the proteasome. MBK-2 is localize PIE-1 (Wallenfang and Seydoux, 2000), but not also unlikely to be a general activator of cullins, because POS-1 (n ϭ 20; Figure 7J ). As expected, PIE-1 segrecul-2 is required for mbk-2-independent events (Feng gation in mat-1 mutants is independent of mbk-2: et al., 1999). MBK-2 must therefore act on a common mat-1(ax227); mbk-2(RNAi) embryos transiently localcomponent that remains to be discovered, or on each ized PIE-1 as efficiently as mat-1(ax227) embryos target (and/or associated proteins) individually. The (PIE-1:GFP was asymmetric in an average of 2.0 em-CUL-1/SCF class of E3 ligases is known to require phosbryos per gonad in both mat-1(ax227) [n ϭ 28] and matphorylated substrates (Skowyra et al., 1997). MBK-2 is a 1(ax227); mbk-2(RNAi) [n ϭ 29] hermaphrodites). Like putative kinase; therefore, one possibility is that MBK-2 mbk-2 embryos, mat-1 zygotes also maintain OMAphosphorylates ME1-1/2, PIE-1, and OMA-1, and that 1:GFP ( Figure 7G ; 34/34) and GFP:MEI-1 ( Figure 7H ; 40/ this phosphorylation stimulates recognition by the re-44). The fusions persisted longer than wild-type and spective E3 ligases. Whether the E3 ligases implicated in were eventually turned over by a mechanism indepen-MEI-1/2 and PIE-1 degradation require phosphorylated dent of MBK-2 (mat-1(ax227); mbk-2(RNAi) embryos substrates, however, is not yet known. showed the same slow loss of OMA-1:GFP and GFP:MEI-1 as mat-1(RNAi) embryos; data not shown).
MBK-2 and Germ Plasm Asymmetry We conclude that mbk-2-dependent processes do not MBK-2 is also required for posterior enrichment of the germ plasm in the zygote. MBK-2's effects on germ occur in mat-1 embryos, consistent with the hypothesis plasm asymmetry are not secondary to its effects on II activates MBK-2, which in turn stimulates the degradation, or degradation competence, of several maternal MEI-1/2 and microtubule dynamics because (1) partially affected mbk-2(RNAi) embryos, which divide normally, proteins. Why activate MBK-2 at this time? OMA-1 and MEI-1/2 are required for oocyte maturation and for the still fail to segregate PIE-1 and P granules, (2) nocodazole-treated embryos and mel-26 mutants, which exhibit meiotic divisions, respectively, so it is important to degrade these proteins after but not before the meiotic microtubule defects similar to mbk-2, segregate PIE-1 and P granules normally, and (3) mbk-2 does not affect divisions. Polarization of the A-P axis in wild-type embryos requires the sperm asters, which form after the polarity establishment, the only phase of the polarization process known to involve microtubules ( Figures 6L-6N) .
2003). These findings suggest a common role for the DYRK1 subgroup in neuronal development and/or function. The cellular function for this class, however, re-MBK-2 and Temporal Regulation mbk-2 mutants resemble embryos arrested in meiosis mains unknown. MBK-2 belongs to the second subgroup, which include three human proteins of unknown I (mat-1 mutants), which also localize PAR proteins, but do not localize P granules and POS-1, and do not defunction (DYRK2, DYRK3, and DYRK4), Drosophila DYRK2, and S. pombe Pom1p. Remarkably, several pargrade MEI-1 and OMA-1. Unlike mat-1 mutants, however, mbk-2 mutants proceed through meiosis and on allels can be drawn between MBK-2 and Pom1p. Like MBK-2, Pom1p regulates both cell polarity and cell divito mitosis as in wild-type. These observations indicate that progression through the meiotic divisions, while not sion (Bahler and Pringle, 1998). S. pombe cells divide and grow in a stereotypical pattern: cells first initiate dependent on mbk-2, is required to activate mbk-2-dependent processes. growth at their "old" end (the end present in the mother cell prior to division), switch to bipolar growth upon MBK-2 localization changes dramatically during the transition from meiosis I to meiosis II, suggesting that entering the G2 phase, and divide by medial fission to generate equal-sized daughter cells. pom1 mutants MBK-2 itself is activated during the meiotic divisions. We propose that the transition from meiosis I to meiosis exhibit defects in each of these steps: they randomly 
Experimental Procedures
Nematode Strains C. elegans strains were derived from the wild-type Bristol strain N2 and maintained at 25ЊC using standard procedures (Brenner, 1974). See Table 1 for a description of strains used in this study.
RNA-Mediated Interference and Screen
Double-stranded RNAs (dsRNAs) corresponding to 733 germlineenriched genes (Reinke et al., 2000) were synthesized in two steps. First, ‫1ف‬ kb of genomic sequence was PCR amplified for each gene using gene-specific primers carrying T7 promoter sequences (Reinke et al., 2000) . Second, each PCR product was transcribed in both orientations in a single in vitro transcription reaction (Promega RiboMAX T7 kit). The resulting dsRNAs were injected in pools of four into young adult JH227 hermaphrodites, which express PIE-1:GFP. Injected hermaphrodites were recovered overnight at 20ЊC, shifted to 25ЊC for ‫8ف‬ hr, and screened for embryos with abnormal PIE-1:GFP patterns. dsRNAs from positive pools were reinjected individually to identify the gene of interest. The same approach was used to generate and test dsRNAs corresponding to specific exons in mbk-2.
All other RNAi experiments in this study were performed using the feeding method (Timmons et al., 2001 ). For mbk-2(RNAi), feeding for 30-34 hr at 25ЊC resulted in phenotypes identical to those observed in mbk-2(pk1427) embryos. Feeding for 15-29 hr often resulted in partially affected embryos that completed several cleavages, but still failed to segregate germ plasm and to rapidly degrade OMA-1. This study flow is strongest during that time and was easily detected in 8/8
Time-Lapse Microscopy and Phenotypic Analysis
